The crystallization properties of amorphous silicon ͑a-Si͒ thin film deposited by rf magnetron sputter deposition with substrate bias have been thoroughly characterized. The crystallization kinetics for films deposited with substrate bias is enhanced relative to unbiased a-Si by films. The enhanced crystallization for substrate biased a-Si films are attributed to ion enhanced nucleation of crystallites during sputter deposition which subsequently grow during the postdeposition anneal. Conversely films sputter deposited without substrate bias have more intrinsic defects and residual oxygen which enhance nucleation and retard growth, respectively, and lead to a large number of small crystallites. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2219136͔
Thin film transistors are widely used as a switching element for microelectronic applications and electronic display devices such as thin film transistor-liquid crystal displays ͑TFT-LCDs͒.
1 Many applications are divided between two silicon TFT technologies which depend on the ordering of the semiconducting Si active region: ͑1͒ hydrogenated amorphous silicon ͑a-Si: H͒ TFTs and ͑2͒ polycrystalline silicon ͑poly-Si͒ TFTs. To improve the field effect mobility, the a-Si film is usually crystallized by postannealing techniques such as solid-phase crystallization ͑SPC͒, 2 metal induced crystallization ͑MIC͒, 3 metal induced lateral crystallization ͑MILC͒, 4 field aided lateral crystallization ͑FALC͒, 5 and excimer laser annealing ͑ELA͒. 6 Kimura et al. proposed that the crystallization characteristics of a-Si vary with the stress state of the as-deposited a-Si films. 7 Hashemi et al. demonstrated a crystallization method called stress-assisted nickel-induced crystallization. 8 In our previous work, we showed that the properties of sputter deposited thin films such as metal, 9 silicon oxide, 10 and silicon 11 can be significantly changed with the addition of substrate bias during sputtering deposition. In this study, we demonstrate that ion irradiation induced by substrate biased during sputter deposition of a-Si films enhances the kinetics of crystal growth and the grain size of poly-Si film when crystallized by thermal annealing.
An AJA ATC2000 rf magnetron sputtering system equipped with four magnetron sources and a heated and/or dc biased substrate holder was used for the a-Si film deposition. The rf power and deposition temperature for all depositions were fixed at 200 W and 200°C, respectively, and the substrate biases were 0 W ͑no substrate bias͒ and 30 W ͑215 V͒ during the deposition. A quartz tube furnace was used for thermal annealing and the conditions were atmosphere ambient and 600-900°C every 100°C for 20 h.
The XRD result of crystallized Si without substrate bias, as shown is Fig. 1͑a͒ , has a characteristic peak at 2 = 28.5°a bove 600°C, and the intensity of XRD increases slightly with the annealing temperature. The intensity of the peak is very small, and other characteristic peaks are not shown even at a high-temperature annealing of ϳ900°C. We speculate that the crystallites are nanocrystalline with very small grain size. In contrast, the XRD spectra of crystallized Si deposited with substrate bias ͑30 W and 215 V͒, in Fig.  1͑b͒ , show strong characteristic peaks at 2 = 28.5°, 47.5°, and 56.3°that correspond to ͑111͒, ͑220͒, and ͑311͒, respectively. The intensity of crystallized Si deposited with substrate bias is much higher and sharper than the films deposited without substrate bias which means high crystallinity in the poly-Si films. Figure 2 shows UV reflectance spectra of annealed a-Si deposited with and without substrate bias. The change in the profile and the shift in the peaks in UV spectra indicate the modification of electronic density of states as a result of the long-range order. In the crystalline silicon, there are two main optical transition peaks: indirect transitions ͑E 1 ͒ at ϳ360 nm and direct transition ͑E 2 ͒ at ϳ273 nm. 12, 13 As shown in the figure, the characteristic peaks at both 273 and 360 nm are clearly shown in crystallized Si deposited with substrate bias and though the intensity is lower it resembles the single Si reference spectrum. The characteristic peaks, however, are not observed in the annealed Si deposited without substrate bias, and it indicates that the Si film is mostly amorphous or nanocrystalline at best.
Figures 3͑a͒ and 3͑b͒ show the spectra of Raman spectroscopy obtained by confocal micro-Raman spectroscopy ͑Renishaw 1000 spectrometer͒. The crystalline fraction of poly-Si, , was calculated roughly from the expression below,
where I p and I a are integrated Raman scattering intensities of crystalline and amorphous silicon, respectively, and ␥ is the ratio of the integrated Raman cross section for poly-Si to a-Si. Tsu et al. suggested that the value of ␥ is 0.88 when the grain size or crystalline fraction is small.crystallinity of crystallized Si deposited by substrate bias, however, is likely higher than this calculation result because the grain size of the poly-Si is larger and thus the ␥ value would be smaller than 0.88 that was used in the calculation ͑Fig. 4͒. The Raman spectrum for the unbiased film annealed at 600°C for 20 h has two characteristic peaks: a sharp poly-Si peak at 520 cm −1 and broad Raman shifted a-Si peak at 480 cm −1 . On the other hand, the crystallized Si from the 30 W biased a-Si film has only the sharp characteristic peak at 520 cm −1 for poly-Si. In the case of 900°C ͑20 h͒, the a-Si peak is not observed in both crystallized films; however, the biased poly-Si film has a narrower peak than the unbiased film indicating that the biased film is more crystalline under equivalent annealing condition.
To compare the microstructure of crystallized Si deposited with and without substrate bias, the surface morphology of the two films taken by SEM and AFM is shown in Fig. 4 . The a-Si films were annealed and crystallized by SPC at 900°C for 20 h in atmosphere ambient in a quartz tube furnace. The poly-Si film from substrate biased sputtering, as shown in the figure, has more condensed and larger grain size than those of unbiased poly-Si film.
The crystallization kinetics of amorphous Si is a very complex process and depends significantly on the stress state, impurities, preexisting crystalline nuclei, the underlying substrate ͑amorphous versus a crystalline silicon seed layer͒, and the defect structure in the amorphous silicon. 15 In the crystallization of amorphous silicon without a preexisting crystalline interface or micro-or nanocrystalline nuclei, the phase transition from a-Si to poly-Si proceeds via random nucleation of crystalline clusters surrounded by the amorphous phase. In our previous work, we have shown that the properties of sputter deposited thin films can be significantly changed with the addition of substrate bias during sputter deposition. [9] [10] [11] The sputter deposition rate decreases, and the microstructure is densified ͑grain size also increases͒ with the addition of substrate bias. 9 At low temperatures conventional sputter deposition without substrate bias generally leads to the formation of larger number of defects such as dislocations, vacancies, and stacking faults in the film relative to biased sputter deposition. For films deposited without substrate bias, these defects are the main centers for homogeneous nucleation and, as a result of the enhanced nucleation, the grain size of crystallized Si is small as observed in Fig. 4 . For films sputter deposited with substrate bias, there are several factors that lead to the observed enhanced crys- tallization. First of all, during deposition at 200°C, ion bombardment during growth can induce the nucleation of Si crystallites which is consistent with ion beam induced epitaxial crystallization results. 16 These nuclei ͑either heterogeneous at the quartz interface or homogeneous in the film bulk͒ subsequently enhance the grain growth during the postdeposition anneal. Because there are fewer defects in the films sputtered with substrate bias, the homogeneous nucleation during the annealing is suppressed which results in a larger grain size as observed in Fig. 4 . Finally, another possible contributing factor could be the residual oxygen concentration in the films. Ion bombardment during sputter deposition is known to reduce oxygen incorporation in as-deposited films. Oxygen ͑and other impurities such as C and F͒ is known to retard the silicon solid-phase crystallization process. [17] [18] [19] In conclusion, we showed that the crystallization kinetics is enhanced by biasing the substrate of sputter deposited a -Si thin films. In addition to the crystallinity, the grain size of poly-Si from substrate biased a-Si is much larger than that from unbiased a-Si. The enhanced grain size and crystallinity for substrate biased films are attributed to ion enhanced nucleation of crystallites during sputter deposition and growth of these nuclei during the postdeposition anneal. Conversely, films without substrate bias have more defects and residual oxygen which will enhance the nucleation and inhibit the growth, respectively, which lead to the observed smaller grain size.
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